Abstract: Transcranial alternating current stimulation (tACS) is an emerging non-invasive tool for modulating brain oscillations. There is evidence that weak oscillatory electrical stimulation during sleep can entrain cortical slow oscillations to improve the memory consolidation in rodents and humans. Using a novel method and a custom built stimulation device, automatic stimulation of slow oscillations in-phase with the endogenous activity in a real-time closed-loop setup is possible. Preliminary data from neuroplasticity experiments show a high detection performance of the proposed method, electrical measurements demonstrate the outstanding quality of the presented stimulation device.
Introduction
Sleep promotes consolidation in several memory systems in humans and rodents. The cortical sleep slow oscillation (SO) occurring during slow wave sleep provides a temporal time frame for the hippocampal-neocortical dialog which is assumed to be crucial for long-term storage of memories in neocortical networks [1] . Studies on sleep-related rhythms have shown that oscillating weak electric elds can entrain neuronal activity to the applied frequency, being most e ective if matching in frequency to the prevailing endogenous rhythms [2, 3] . Stimulation at the frequency of endogenous SO during non-rapid eye movement (NREM) sleep not only boosted endogenous SO activity, but also improved memory consolidation for a hippocampus dependent task [4, 5] . The subject-dependent SO frequency f SO is typically determined from the spectrum of a baseline electroencephalographic (EEG) recording. Stimulation with this SO frequency is performed manually during a stable phase of NREM sleep. Identifying these NREM phases requires visual monitoring of the ongoing EEG recordings. Thus, manual in-phase stimulation of slow oscillations is timeconsuming, labor-intensive and error-prone. Here, we present a novel method for closed-loop tACS of slow oscillations using a custom built stimulation device.
Material and methods . O line detection of slow oscillations
In o ine analyses, slow oscillations are identi ed after low-pass ltering the recorded EEG signal. Commonly, ltering is performed in forward and backward direction to avoid phase shifts in the data. An automatic threshold algorithm is then applied [2] . If the following three criteria are ful lled, the peak time of a negative half-wave is accepted ( Fig. 1A) : (1) Two succeeding zero-crossings (ZC) of the ltered EEG signal are separated from each other by a given period (e.g. 0.2 to 1.0 s), (2) A peak amplitude between both ZC exceeds a given threshold (e.g. -80 µV), and (3) The negative-to-positive peak-to-peak amplitude exceeds a given threshold (e.g. 120 µV).
. Online SO detection and stimulation
For the closed-loop stimulation, this threshold algorithm had to be adapted to online detection. The recorded EEG is low-pass ltered on-the-y. For minimal phase shift, anite impulse response (FIR) lter is used. For a given signal (or time series) x(t) the output of a FIR lter f at some point i incorporates the values
is the length of the FIR lter, i.e. the lter output f i corresponds to the signal input x(i + ). This lter induced delay has to be considered in the following steps of the online SO detection method ( Fig. 1B): (1) A positive-to-negative ZC is detected. (2) If the signal exceeds a given threshold, the current event is marked as a preliminary SO. (3) The following negative-to-positive ZC is detected. If the time period between both ZC is within a given range, the preliminary SO is con rmed and the frequency f SO of that oscillation is estimated.
For entrainment of slow oscillations, stimulation should be in-phase with the endogenous SO [6], e.g. with the rising part of the SO. But, with respect to the delay caused by the FIR ltering, the stimulation actually cannot start at that point. Thus, the output signal has to be initialized with some precomputed value at the correct point (Fig. 1B, dashed line) .
. Stimulation device
The stimulation device (Fig. 2) is based on a Spartan®-6 (Xilinx Inc., San Jose, CA) FPGA ( eld programmable gate array) serving as master control unit. Acquisition of EEG signals is done by an ADS1291 (Texas Instruments Inc., Dallas, TX) 24-bit, delta-sigma ADC (analog-to-digital converter). The tACS is performed by isolated, electronically con gurable Howland current sources based on AD5667R (Analog Devices Inc., Norwood, MA) 16-bit DACs (digitalto-analog converter). A global AFSL1 (Abracon LLC., Rancho Santa Margarita, CA) 32 MHz clock synchronizes the input and output components on the custom built PCB (printed circuit board). Electrical and electronic safety is ensured by (a) an ADuM4160 (Analog Devices Inc.) 5 kV reinforced USB isolator to the host computer and (b) LTM2883 (Linear Technology Corporation, Milpitas, CA) 2.5 kV isolators for each stimulation channel [7] .
After A/D conversion of the analog input EEG signal recorded from the subject, digital time-tagged EEG data is processed by the FPGA. The described procedure for the online SO detection and closed-loop stimulation is performed. After identifying a SO, the output signal is generated, e.g. a sinusoidal waveform of the corresponding SO frequency. The digital output values are sent to the current sources. After D/A conversion, the current is applied to the subject.
Simultaneously, the FPGA communicates with an external computer. For later analysis, the recorded and generated data is stored there. The control software is also located on the external computer to save computing power on the stimulation device. Both tasks are not time-critical, such that possible delays are acceptable.
Results

. Arti cial data
The proposed online SO detection method was tested on several arti cial data. As an exempli cation, Fig. 3A shows a 15 second epoch of white noise. Five sinusoidal waves were added to mimic slow oscillations. Their corresponding frequencies are 0.6 Hz, 0.8 Hz, 1.5 Hz, 2.2 Hz, and 2.4 Hz. The aim was to identify slow oscillations with frequencies between 0.7 and 2.3 Hz. The threshold for the negative peak was set to 0.2 (arbitrary unit here).
The results after processing the online SO detection method, which also includes the low-pass ltering, are shown in Fig. 3B . Both the 0.6 Hz wave and the 2.4 Hz wave have been neglected, whereas the three other waves were correctly identi ed (Fig. 3B, red dots) . How well this distinction can be done, depends on the desired SO frequency range and the sampling rate. For example, when using 0.7 Hz as the lower limit for signal detection and 1 kHz as sampling rate, the corresponding duration of a half-wave should not exceed / . / ≈ samples. So, detecting 0.6 Hz and 0.8 Hz waves is simple, since the corresponding half-wave durations are about 833 samples and 625 samples. This margin is smaller for the upper limit of 2.3 Hz with a half-wave duration of about 217 samples. The corresponding values for 2.2 Hz and 2.4 Hz are 227 samples and 208 samples.
. Experimental data
The presented system is currently used in experiments investigating the sleep dependent memory consolidation in rodents. Results are to be compared with those previously obtained without closed-loop stimulation [5] .
Preliminary analyses of the recorded data show a promising performance of the online SO detection method also in experimental data. Fig. 4A shows a 22 second epoch of EEG recording. Three stimulations were triggered, each with three sinusoidal oscillations. When investigating the signal right before the stimulation starts ( Fig. 4B and 4C) , the speci city of the detection method regarding the desired SO frequency range is evident. In Fig. 4B , the rst two negative half-waves are too short, and in Fig. 4C , the rst half-wave is too long (each marked red) for the desired SO frequency range. For the half-waves in range (marked blue), the stimulation is triggered. Extensive cross-validation against expert scoring of slow oscillations of the experimental data is still work in progress.
. Electrical measurements
The signal-to-noise ratio (SNR) and the total harmonic distortion (THD) are measures to con rm the quality of the device's electronics. The SNR and THD of the whole implementation were determined in a closed-loop setup, i.e. the generated output was fed back to the input. The measured SNR and THD, and thus the input-to-output signal distortions are both less than -80 dB.
Discussion and conclusion
We presented a promising approach for the closed-loop transcranial alternating current stimulation of slow oscillations. The proposed detection and stimulation method is easy to implement and computationally inexpensive. Other detection procedures, for example incorporating machine learning techniques, are likely to be too complex to be used in real-time applications. Also, the algorithm resembles the well-studied o ine SO detection method, such that existing SO descriptions can be used. The current implementation performs well on articial as well as on preliminary experimental data. The electronics incorporated in the stimulation device were extensively tested and proved their high quality.
Results from this project are integrated into the development of a novel electronically con gurable multichannel stimulation device for focal tACS [8] . Studies on human subjects demonstrating the proposed e ects are currently planned. 
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